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Abstract 
Polypyrrole (PPy) is widely used as an electroactive material and is most often synthesized using 
electrochemical polymerization. Recently, a new electropolymerization method [1] was introduced that 
involved preparing the PPy as a sequential series of electrodeposited layers with solvent washing in 
between each deposited layer. This method enabled high quality PPy free-standing films to be prepared in 
a relatively short time. The purpose of the present study was to investigate the effect of the 
polymerization current density on the mechanical and electrical properties of the sequentially 
polymerized (SEP) PPy films. It was found that a low current density (0.1 mA/cm2) and low temperature 
(-31 C) produced polypyrrole films of significantly higher conductivity and excellent mechanical properties 
when compared with films made at higher current densities either using the SEP method or by 
conventional, continuous electrodeposition. 
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      a b s t r a c t 
Polypyrrole (PPy) is widely used as an electroactive material and is most often synthesized using elec- trochemical polymerization. Recently, a new 
electropolymerization method [1] was introduced that involved preparing the PPy as a sequential series of electrodeposited layers with solvent washing 
in between each deposited layer. This method enabled high quality PPy free-standing films to be prepared in a relatively short time. The purpose of the 
present study was to investigate the effect of the poly- merization current density on the mechanical and electrical properties of the sequentially 
polymerized (SEP) PPy films. It was found that a low current density (0.1 mA/cm2) and low temperature (−31 ◦C) pro- duced polypyrrole films of 
significantly higher conductivity and excellent mechanical properties when compared with films made at higher current densities either using the SEP 





Important applications for conducting polymers, such as arti- 
ficial muscles [2], batteries [3], and sensors [4] require highly 
conducting and mechanically-robust free-standing films or fibers. 
Polypyrrole (PPy) has been widely investigated for these applica- 
tions because of its relative ease of preparation as a free-standing 
film; reasonable stability; and good electrical and mechanical prop- 
erties [5–7]. Electrochemical polymerization is the most common 
method used to prepare PPy films and the effect of electrochemi- 
cal polymerization conditions such as temperature and deposition 
rate on the mechanical properties and conductivity has been stud- 
ied for some time [7–10]. Smooth, non-porous films with high 
conductivity can be obtained through a slow, low-temperature 
electrodeposition process [11]. However, long synthesis times are 
required to generate free-standing films. Fast electrodeposition of 
PPy develops rough, porous films with reduced conductivity [8] and 
mechanical properties [9]. 
Recently, a significant reduction in the preparation time of PPy 
free-standing films without any compromise to the mechanical 
properties and conductivity has been demonstrated [1]. Films were 
prepared using a sequential electropolymerization (SEP) method 
involving a layer-by-layer electrodeposition with deposited poly- 
mer washed with solvent between each layer. It was shown 
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that solvent washing during the electropolymerization of pyrrole 
removed unbound oligomeric species from the deposited PPy [1]. 
Pyrrole oligomers are known to form during electropolymeriza- 
tion [7] and their presence within the deposited layer in rapid 
continuous electropolymerization appears to promote secondary 
precipitation of polymer particles and the formation of rough, 
porous films. In contrast, the SEP method produced smooth PPy 
free-standing films, with reasonable mechanical properties and 
high conductivity (220 S/m). 
Studies to date have only considered the SEP method at mid to 
high current densities (>0.1 mA/cm2) with the objective to reduce 
the synthesis time without compromising film properties. It is not 
known whether further improvements to the film properties could 
be achieved through the SEP method applied at low current densi- 
ties and low deposition rates. The aim of this study, therefore, was 
to make a comparison of the SEP and continuous electropolymer- 




Tetrabutylammonium hexafluorophosphate (TBA PF6, Fluka), 
propylene carbonate (PC, Sigma–Aldrich), and ethanol of HPLC 
grade (Ajax) were used as-received. Pyrrole (Fluka) was distilled 
before use. The polymerization solution contained 0.06 M  of pyrrole 
and 0.05 M of TBA PF6 mixed in PC containing 1 wt% of deionized 
water. Before the reaction commenced, the whole solu- 
tion was purged with nitrogen gas for 20 min and cooled to −31 ◦C. 








carbon working electrode (SIGRADUR Hochtemperatur-Werkstoffe 
GmbH) was used as the substrate for electropolymerization of 
pyrrole. The counter electrode was reticulated vitreous carbon 
(RVC) foam (80 ppi). Polypyrrole was prepared via SEP and con- 
tinuous electrochemical polymerization methods. Both methods 
use a constant current (galvanostatic). All the samples were 
polymerized at −31 ◦C. 
2.1. Electropolymerization 
 
The total electropolymerization time was calculated accord- 
ing to the particular current density to ensure that the total charge 
passed was the same for each sample. The layer by layer 
sequential electropolymerization method involved preparing the 
free-standing film as eight separate polymerized layers with an 
ethanol wash between layers (Table 1). To wash the deposited PPy, 
the current was turned off, the working electrode removed from 
the electropolymerization cell and washed in a stream of ethanol. 
After drying with nitrogen gas, the electrode was returned to the 
cell and electropolymerization resumed. 
 
2.2. Film characterization 
 
The PPy free standing-film thickness was measured via microm- 
eter, SEM microscopy and profilometer. An optical profilometer 
(Wyko 9100) provided a precise thickness measurement of the 
PPy films. The average thickness was obtained by measuring the 
height of a cut edge of the film mounted on a glass slide. The film 
was first attached to the glass slide by double sided tape. Electron 
microscopy was performed with a JEOL JSM-7500 FA. For 
examination of free-standing film cross sections, samples were 
mounted in epoxy and sectioned by ultramicrotome. The cross 
sections were imaged by scanning transmission electron 
microscopy (STEM) which provided maximum contrast between 
PPy and the PPy–epoxy interface. Mechanical properties of the PPy 
free-standing films in the dry state were measured with EZS uni- 
versal testing machine (Shimadzu). All samples were cut into strips 
approximately 2 mm wide and 15 mm long, and drawn at speed 
of 1 mm/min. The conductivity was measured by using a four- 
point probe (RM3, Jandel). Prior to those measurements, all PPy 
samples were carefully washed in ethanol to remove PC and then 
dried in a vacuum at 35 ◦C overnight. At least five identical samples 
were prepared and tested to assess the degree of variability. The 
reported mechanical and electrical properties were obtained from 
these dried samples. Actuation tests for PPy·PF6 were performed in 
0.25 M TBA PF6 PC electrolyte using a conventional three-electrode 
setup. The three electrode arrangement allows for the accurate 
control of the applied electrochemical potential with respect to  a 
reference electrode (silver/silver ion). The actuation stroke was 
measured using a lever arm (Aurora Scientific) force/distance trans- 
ducer operated in constant force (isotonic) mode. 
 
3. Results and discussion 
 
3.1. Mechanical properties 
 
Mechanical test experiments indicate that the sample polyme- 
rized continuously at 0.1 mA/cm2 has the lowest elastic modulus 
and tensile strength of 0.40 GPa and 21 MPa, respectively (Table 2). 
The samples polymerized using the SEP method at different cur- 
rent densities (0.1–3 mA/cm2) exhibit similar elastic moduli and 
tensile strength in the range of (0.85–1.4 GPa and 40–65 MPa, 
respectively). Based on the previous work, it is known that PPy 
polymerized via SEP method at low temperature has a less porous 
structure with increased density and improved strength and mod- 







Fig. 1. SEM images of (a) cross-section, and (b) solution-side surface of a PPy free- 
standing film prepared using the SEP method at 0.1 mA/cm2 . 
 
 
shows the cross-sectional and surface microscopy images of PPy 
free-standing films. The surfaces of all SEP films were smooth and 
continuous and no micro-porosity was evident in the cross- 
sections. Interface junctions between sequentially deposited layers 
are noted in the cross-sections of all SEP films. The differences in 
the mechanical properties for the samples prepared via SEP method 
in this study are, therefore, not related to differences in porosity. 
Instead, it is possible that the films may have different crosslink 
densities with higher crosslinking resulting in a higher modulus. 
 
3.2. Electrical conductivity 
 
High electrical conductivity is a basic requirement for many 
applications for polypyrrole including actuators. The sample poly- 
merized via SEP at 0.1 mA/cm2 shows the highest conductivity of 
all samples at 500 S/cm. The conductivity tended to decrease for 
SEP films prepared at higher current densities. Significantly, the SEP 
films prepared at 0.1 mA/cm2 had almost double the conductivity 
of the films prepared using the continuous, slow polymerization at 
the same low current density. 
The higher conductivity of the SEP sample prepared at low 
current density suggests that this material has a higher doping 
level and/or an enhanced conjugation length, as these features 
are known to improve the conductivity of conducting polymers 
[13]. No difference was observed between the continuously and 
sequentially polymerized samples in terms of chemical compo- 
sition (by Raman spectroscopy) or long-range order (by X-ray 
diffraction). Previous studies have noted a decrease in conductiv- 
ity with increasing film thickness in electrochemically polymerized 
polythiophene films [14,15]. The decline in conductivity in these 
studies was attributed to a decrease in polymer conjugation length. 
To demonstrate the usefulness of preparing PPy via the SEP 
method, films were evaluated as electromechanical actuators. Sam- 











Washing conditions and average thickness of polypyrrole films polymerized at various current densities. (SEP: sequential electropolymerization; Cont: continuous 
electropolymerization). 
Current density (mA/cm2 ) Total electro-polymerization time Number of layers Electro-polymerization 
time for each layer 
Washing solvent Average thickness ( m) 
 
 
0.10 (Cont) 8 h 1 8 h None 9.65 ± 0.1 
0.10 (SEP) 8 h 8 1 h Ethanol 9.7 ± 0.1 
0.50 (SEP) 96 min 8 12 min Ethanol 9.55 ± 0.1 
1 (SEP) 48 min 8 6 min Ethanol 10.1 ± 0.1 
2 (SEP) 24 min 8 3 min Ethanol 10.2 ± 0.1 
3 (SEP) 16 min 8 2 min Ethanol 9.5 ± 0.1 
 
Table 2 




0.10(SEP) 1.23 ± 0.10 47 ± 11.23 506 ± 0.77 
0.50(SEP) 0.85 ± 0.04 50 ± 3.05 251 ± 0.48 
1(SEP) 0.95 ± 0.04 65 ± 2.30 185 ± 0.80 
2(SEP) 0.83 ± 0.12 44 ± 2.30 191 ± 0.99 
3(SEP) 1.33 ± 0.05 38 ± 1.52 181 ± 0.80 
 
were tested in isotonic actuation mode at various static stress lev- 
els. As shown in Fig. 2, the isotonic actuation strain decreases almost 
with the similar rate for both types of samples as the applied stress 
increases. The samples polymerized via SEP method represent a 
slightly higher electrochemical strain around 3.2% when compared 
 
 
Fig. 2. Artificial muscle performance: (a) actuation strain for isotonic actuation 
testing and (b) cyclic voltammograms. 
to the continuous sample when tested at small applied stresses 
(Fig. 2a). This increased actuation strain can be attributed in part 
to the improved electroactivity of the SEP films. For the sample 
polymerized via SEP at 0.1 mA/cm2 the oxidation peak occurred 
at  0.02 V and the reduction peak was centered at  0.25 V. For  the 
sample polymerized via the continuous method, the oxidation 
peak occurred at 0.01 V but reduction occurred at 0.40 V. The most 
significant difference in these cyclic voltammograms is the 
oxidation peaks of both samples showed different current densities 
(Fig. 2b). The maximum current density of the sample polymerized 
via the SEP method ( 0.7 mA/cm2) was significantly higher than 
the maximum current density obtained for the sample polymerized 
via the continuous method ( 0.3 mA/cm2). However, the maxi- 
mum reduction current densities of both samples appeared almost 
the same, around 0.25 mA/cm2 to 0.35 mA/cm2. The improved 
oxidation response of the SEP film compared to the continuous film 
is likely related to the higher conductivity of the former-allowing 




In conclusion, the experiments reported here indicates that the 
sequential electropolymerization method is able to produce 
superior PPy films in terms of mechanical properties and electri- 
cal conductivity as compared to continuous polymerization at a 
current density at 0.1 mA/cm2. The morphology, mechanical prop- 
erties and electrical conductivity of the PPy samples polymerized 
via the SEP method were shown to be affected by the current den- 
sity used. While previously it was shown that the SEP method at 
3 mA/cm2 could produce films of equivalent performance to contin- 
uously grown films at 0.1 mA/cm2, it has been shown in the present 
study that further improvements in properties can be achieved by 
SEP polymerization at low current density (0.1 mA/cm2). At this 
low current density the SEP method is no longer more time-efficient 
than the continuous polymerization. However, the improved prop- 




The authors thank the Australian Research Council for partial 
funding of this work through its Centre of Excellence and Professo- 
rial Fellowship programs. The authors gratefully acknowledge the 
assistance of Mr. Tony Romeo and other staff of the University of 
Wollongong’s Electron Microscopy Centre. 
Current density (mA/cm2 ) Elastic modulus (GPa) Tensile strength (MPa) Electrical conductivity (S/cm) 









[1] W. Zheng, J.M. Razal, G.M. Spinks, V.T. Truong, P.G. Whitten, G.G. Wallace, The 
role of unbound oligomers in the nucleation and growth of electrodeposited 
polypyrrole and method for preparing high strength, high conductivity films, 
Langmuir 28 (2012) 10891–10897. 
[2] T. Mirfakhrai, J.D.W. Madden, R.H. Baughman, Polymer artificial muscles, Mater. 
Today 10 (2007) 30–38. 
[3] Q. Long, L.-X. Yuan, W.-X. Zhang, W.-M. Chen, Y-H. Huang, Revisit of polypyrrole 
as cathode material for lithium-ion battery, J. Electrochem. Soc. 159 (2012) 
A1624–A1629. 
[4] T.N. Shoa, J.D.W. Madden, T. Mirfakhrai, G. Alici, G.M. Spinks, G.G. Wallace, Elec- 
tromechanical coupling in polypyrrole, Sens. Actuators A 161 (2010) 127–133. 
[5] H.J. Lee, S.M. Park, Electrochemistry of conductive polymers 37. Nanoscale 
monitoring of electrical properties during electrochemical growth of polypyr- 
role and its aging, J. Phys. Chem. 109 (2005) 13247–13254. 
[6] X.B. Chen, J. Devaux, J.P. Issi, D. Billaud, The stability of polypyrrole electrical 
conductivity, Eur. Polym. J. 30 (7) (1994) 809–811. 
[7] J. Heinze, B.A. Frontana-Uribe, S. Ludwigs,  Electrochemistry  of  conduct- ing 
polymers-persistent models and new concepts, Chem. Rev. 110 (2010) 4724–
4771. 
[8] M. Satoh, K. Kaneto, K. Yoshino, Dependences of electrical and mechanical 
properties of conducting polypyrrole films on conditions of electrochemical 
polymerization in an aqueous medium, Synth. Met. 14 (1986) 289–296. 
[9] P. Dyreklev, M. Granstrom, O. Inganas, L. Gunaratne, G.K.R. Senadeera, S. 
Skaarup, K. West, The influence of polymerization rate on conductivity and 
crystallinity of electropolymerized polypyrrole, Polymer 37 (1996) 2609–2613. 
[10] X. Wang, J. Xu, G. Shi, X. Lu, Microstructure-mechanical properties relationship 
in conducting polypyrrole films, J. Mater. Sci. 37 (2002) 5171–5176. 
[11] M. Yamaura, T. Hagiwara, K. Iwata, Enhancement of electrical conductivity of 
polypyrrole film by stretching: counter ion effect, Synth. Met. 26 (1988) 209–
224. 
[12] A. Ashrafi, M.A. Golozar, S. Mallakpour, Morphological investigations of 
polypyrrole coatings on stainless steel, Synth. Met. 156 (18-20) (2006) 1280–
1285. 
[13] P. Batz, D. Schmeisser, W. Gopel, J. Roncali, Electronic-structure of polypyrrole 
films, Phys. Rev. B 43 (1991) 9178–9189. 
[14] A. Yassar, F. Garnier, Electrosynthesis of highly conducting poly(3- 
ethylthiophene) thin films, J. Chem. Soc., Chem. Commun. 9 (1988) 581–582. 
[15] H. Masuda, S. Tanaka, K. Kaeriyama, Electrochemical polymerization of 3- 
dodecylthiophene-effect of current density and film thickness, Synth. Met. 31 
(1989) 29–36. 
